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We  report  on  the  synthesis  and  application  of  an  inexpensive  pyridine-based  additive  allyl  isonicotinate 
(AIN)  for  the  efficient  dye-sensitized  solar  cells  (DSCs).  AIN  can  be  quickly  synthesized  at  room  tem¬ 
perature  without  any  solvent.  The  presence  of  AIN  in  the  electrolyte  enhances  the  open-circuit  voltage 
(Voc),  fill  factor  (FF)  and  short-circuit  photocurrent  (/sc),  consequently  improving  the  energy  conversion 
efficiency  {rj)  from  6.5%  to  8.2%.  The  impedance  experiments  show  that  the  adsorption  of  AIN  leads  to 
the  negative  shift  of  the  conduction  band  edge  of  the  dye-sensitized  TiC>2  around  55  mV.  The  presence  of 
AIN  in  the  electrolyte  can  obviously  suppress  the  recombination  of  the  injected  electrons,  increasing  the 
lifetime  of  electrons  in  the  Ti02.  The  negative  shift  of  the  conduction  band  edge  and  the  suppression  of 
the  recombination  of  the  injected  electrons  contribute  to  the  higher  power  conversion  efficiency. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSCs)  have  been  intensively  stud¬ 
ied  over  the  past  decade  and  regarded  as  a  promising  low-cost 
alternative  to  the  conventional  solid-state  devices.  An  impres¬ 
sive  light-to-electricity  energy  conversion  efficiency  (p)  of  11%  has 
been  achieved  at  AM  1.5  [1].  However,  the  values  of  the  open- 
circuit  voltage  (Vqc)  and  short-circuit  photocurrent  (Jsc)  reported 
previously  are  still  substantially  below  the  theoretical  maximum 
[2,3],  limiting  the  further  improvement  of  the  energy  conver¬ 
sion  efficiency  of  the  DSCs.  Changing  either  the  conduction  band 
edge  position  of  Ti02  or  the  recombination  rate  by  adsorption  of 
organic  additives  on  the  surface  of  Ti02  can  strongly  affect  the 
Voc  and  Jsc  [4-8],  consequently  influencing  the  photovoltaic  per¬ 
formance. 

At  present,  one  of  the  most  successfully  used  organic  additives  is 
4- tert-butyl pyridine  (TBP)  [9,10].  For  the  pyridine  derivative,  the  N 
atom  has  a  lone  pair  electron,  which  is  prone  to  interact  with  coor- 
dinatively  unsaturated  Ti  species  on  the  Ti02  film  through  Ti  +-  N 
bonds  [11,12].  Treatment  of  the  Ti02  surface  with  TBP  or  the  addi¬ 
tion  of  TBP  in  the  electrolyte  can  increase  the  Voc  drastically.  One  of 
the  reasons  for  this  increase  of  Voc  is  the  shift  of  the  Ti02  conduc¬ 
tion  band  edge  toward  negative  potentials  due  to  the  adsorption  of 
TBP  [13].  On  the  other  hand,  both  the  suppression  of  the  dark  cur¬ 
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rent  at  the  Ti02  /electrolyte  interface  and  the  formation  of  molecular 
complexes  between  TBP  and  iodine  also  play  important  roles  in 
the  improvement  of  Voc  [12,14].  However,  the  increase  of  the  Voc 
generally  accompanies  with  a  significant  drop  in  the  photocurrent 
[5,15].  In  the  molecule  of  TBP,  the  tert- butyl  group  as  an  electron 
donating  group  increases  the  charge  density  of  the  nitrogen  atom 
of  the  pyridine  ring,  which  enhances  the  interaction  between  the 
nitrogen  atoms  and  the  Ti(IV)  ions.  It  seems  that  for  the  pyridine- 
based  additives  the  stronger  the  interaction  is,  the  more  negative 
shift  of  the  conduction  band  edge  there  will  be  [16].  The  negative 
shift  of  the  conduction  band  edge  is  beneficial  to  the  increase  of  the 
Voc.  However,  if  the  negative  shift  is  too  much,  the  electron  injec¬ 
tion  from  the  photoexcited  dye  into  the  conduction  band  of  the 
Ti02  becomes  difficult,  leading  to  the  decrease  of  the  photocurrent 
[5,15].  Moreover,  TBP  is  expensive,  which  limits  its  further  industrial 
application.  Therefore,  we  expect  to  design  a  new  pyridine-based 
additive  to  adjust  the  interaction  between  the  N  atom  of  pyridine 
ring  and  the  Ti(IV)  ions,  making  the  negative  shift  of  the  conduction 
band  edge  of  Ti02  moderately.  This  moderate  negative  shift  of  the 
conduction  band  edge  can  increase  the  Voc  but  does  not  affect  the 
short-circuit  photocurrent.  In  this  paper,  allyl  isonicotinate  (AIN), 
which  has  an  electron  withdrawing  group,  i.e.  p-ester  group,  on  the 
pyridine  ring  (Scheme  1 ),  was  synthesized  by  a  simple  method.  The 
electrochemical  impedance  spectroscopy  (EIS)  experiments  show 
that  a  55  mV  negative  shift  of  the  conduction  band  edge  of  the 
Ti02  is  achieved  due  to  the  adsorption  of  AIN.  The  adsorption  of 
AIN  can  suppress  the  electron  transfer  from  the  Ti02  to  the  I3_  in 
the  electrolyte  effectively.  Consequently,  the  Voc  and  FF  as  well  as 
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Scheme  1.  Synthetic  pathway  of  AIN. 


the  Jsc  were  enhanced  greatly,  leading  to  higher  energy  conversion 
efficiency. 

2.  Experimental 

2.1.  Synthesis  and  characterization 

The  starting  materials  are  analytical  grade  (from  Jinhua  com¬ 
pany  of  China).  The  synthetic  pathway  of  the  AIN  is  shown  in 
Scheme  1 .  The  isonicotinic  acid  chloride  hydrochloride  (2)  was  syn¬ 
thesized  according  to  ref  [17].  Briefly,  40  mL  of  SOCl2  was  added 
slowly  from  a  dropping  funnel  on  20  g  of  isonicotinic  acid  (1)  in  an 
ice  bath.  The  resulting  solution  was  refluxed  for  4  h  and  excess  SOCl2 
was  evaporated  to  dryness  under  reduced  pressure  at  room  temper¬ 
ature  to  obtain  2.  The  crude  product  was  washed  with  diethyl  ether 
and  dried  in  vacuum  at  40  °C.  Yield:  27.6  g  (96%)  of  white  crystals 
sufficiently  pure  for  the  preparation. 1 H  NMR  (300  MHz,  DMSO-dg ): 
8  (ppm)  8.27  (d  J=  7  Hz,  2H),  9.04  (d  J  =  7  Hz,  2H),  9.9  (b,  1 H). 

To  a  mixture  of  ZnO  (3.04  g)  and  2  (14g)  (without  solvent), 
distilled  allyl  alcohol  (5mL)  was  added  with  a  mechanical  stir¬ 
rer  for  30  min  at  room  temperature.  The  mixture  was  then  eluted 
with  CH2C12  (20  mL),  and  the  CH2C12  extract  was  washed  with  an 
aqueous  solution  of  sodium  bicarbonate  and  dried  over  anhydrous 
sodium  sulfate  [18].  The  product  was  obtained  after  solvent  evap¬ 
oration  (yield:  9.5 g,  80%).  Characterization:  NMR  (300 MHz, 

CDC13):  8  (ppm)  4.85  (d, 7  =  6.8  Hz,  2H),  5.32  (dJ=12Hz,  1H),  5.42 
(d J=  19 Hz,  1H),  6.02  (m,  1H),  7.88  (dJ  =  6Hz,  2H),  8.79  (dJ  =  6Hz, 
2H).  ESI-MS:  m\z  164  ( [M  +  H]+ ).  Anal.  Calcd.  for  C9H9N02 :  C  66.25%, 
N  8.58%,  H  5.56%;  found:  C  66.28%,  N  8.54%,  H  5.65%. 

From  the  synthesis  process  described  above,  it  can  be  seen  that 
AIN  can  be  quickly  synthesized  at  room  temperature  without  any 
solvent,  while  ZnO  can  be  re-used  after  simple  washing  with  CH2C12 
[18].  Thus,  AIN  can  be  obtained  more  economically. 

2.2.  The  assembly  of  DSCs 

The  Ti02  electrode  was  prepared  by  printing  the  Ti02  paste 
(P25,  Degussa  AG,  Germany)  on  the  conductive  glass  of  fluorine- 
doped  Sn02  (FTO,  20  £2  sq-1,  Wanyelong  Company  of  China)  [6]. 
The  prepared  Ti02  film  (thickness  around  14  p,m)  was  calcined  at 
450 °C  for  30  min  under  flowing  oxygen.  Adsorption  of  the  dye 
on  the  Ti02  surface  was  done  by  soaking  the  Ti02  electrodes  in 
a  dry  ethanol  solution  of  the  dye  cis-dithiocyanate-N,N'-bis(4,4/- 
dicarboxylate-2,2/-bipyridine)ruthenium(II)  (N3)  (standard  con¬ 
centration  3  x  10-4  M)  at  room  temperature  for  24  h.  The  Pt  counter 
electrode  was  prepared  by  spin-coating  H2PtCl6  solution  (50  mM  in 
isopropanol)  onto  FTO  glass  and  sintering  at  390  °C  for  0.5  h  [19]. 

Two  types  of  electrolytes  were  employed  in  our  experi¬ 
ments.  Electrolyte  A  was  composed  of  0.6  M  l,2-dimethyl-3- 
propylimidazolium  iodide  (DMPIml),  0.1  M  Lil,  0.05  M  I2,  and 
acetonitrile  as  a  solvent.  Electrolyte  B  was  obtained  by  adding 
0.65  M  AIN  to  electrolyte  A.  An  enhancement  of  the  r\  was  observed 
when  AIN  was  introduced  into  electrolyte  A.  However,  when  the 
concentration  of  AIN  exceeds  0.65  M,  the  further  improvement  of 


r\  is  not  obvious.  Therefore,  the  concentration  of  AIN  is  selected  as 
0.65  M.  The  DSCs  were  made  by  sealing  the  electrolytes  between 
the  dye-covered  Ti02  electrodes  and  the  Pt  counter  electrodes. 

2.3.  Instruments  and  measurements 

1H  NMR  spectra  were  carried  out  by  Varian  Mercury  Vx300 
at  300  MHz  with  chemical  shifts  against  TMS.  ESI-MS  data  were 
measured  with  LCQ  AD  (Thermofinnigan,  USA)  mass  spectrome¬ 
ter.  The  elemental  analysis  was  performed  by  Vanio-EL  (Heraeus). 
The  absorption  spectrum  was  measured  by  Jasco  V-550  UV-vis 
spectrophotometer.  FT-IR  spectrum  of  pure  AIN  was  recorded  on 
a  Bio-Rad  FTS  135  FT-IR  spectrometer  using  KBr  discs;  while  the 
FT-IR  spectrum  of  AIN-loaded  Ti02  film  was  tested  using  the  way 
of  30°  reflection. 

The  ionic  conductivity  (cr)  of  the  electrolyte  was  determined 
by  impedance  measurement.  The  electrolyte  was  sandwiched 
between  two  mirror-finished  stainless  steel  electrodes  using  a 
Teflon  ring  spacer  in  a  constant  volume  cylindrical  cell  and  was 
sealed  with  paraffin  in  the  glove  box.  The  conductivity  was  calcu¬ 
lated  from  the  ionic  resistance  (R),  which  was  obtained  from  the 
intercept  on  the  real  part  of  the  impedance  in  the  complex  plane 
(Fig.  1),  by  the  following  equation:  a=I<ce\\lR.  The  cell  constant 
(Keen)  was  1.13  cm-1  determined  by  0. 1  M  KC1  aqueous  solution. 

Impedance  and  voltammetry  experiments  were  performed  on 
a  computer-controlled  PARSTAT  2273  Advanced  Electrochemical 
System  (Princeton  Applied  Research)  at  room  temperature  in  the 
dark.  The  EIS  measurements  were  carried  out  in  the  frequency 
range  from  100  kHz  to  50  mHz  with  an  amplitude  of  10  mV.  Cyclic 
voltammetry  used  to  study  the  surface  passivation  effect  of  AIN 
was  performed  in  0.1  M  tetrabutylammonium  perchlorate  acetoni¬ 
trile  solution  containing  0  M  or  0.65  M  AIN.  The  working  electrode 
was  the  Ti02  film  covered  with  N3.  A  platinum  wire  and  Ag/AgN03 
electrode  were  used  as  the  counter  and  the  reference  electrode, 
respectively.  The  photocurrent-voltage  (/-V)  characteristics  of  DSCs 
were  measured  by  a  Keithley  2400  digital  source  meter  con¬ 
trolled  by  a  computer.  A  500  W  xenon  lamp  was  served  as  sunlight 
simulator  in  combination  with  a  band-pass  filter  (400-800  nm) 
to  remove  ultraviolet  and  infrared  radiation.  Further  calibration 
was  carried  out  by  a  USB4000  plug-and-play  miniature  fiber 
optic  spectrometer  (Ocean  Optics,  USA).  The  measurement  of  the 
incident  monochromatic  photon-to-current  conversion  efficiency 
(IPCE)  was  performed  by  a  similar  data  collecting  system  but  under 
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Fig.  1.  The  impedance  spectra  of  0.  1  M  KCI  aqueous  solution  (black  circles),  elec¬ 
trolyte  A  (without  AIN,  red  triangles),  and  electrolyte  B  (with  0.65  M  AIN,  green 
squares)  measured  in  a  sandwiched  cell  assembled  by  two  mirror-finished  stainless 
steel  electrodes.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  the  article.) 
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Fig.  2.  Absorption  spectrum  of  AIN  in  acetonitrile.  The  insert  shows  the  photograph 
of  the  pure  AIN  in  the  glass  bottle. 

monochromatic  light,  which  was  obtained  by  a  grating  spectrome¬ 
ter  (SBP300,  Zolix).  The  photocurrent  action  spectra  were  obtained 
by  measuring  the  IPCE  at  different  excitation  wavelength  with  inter¬ 
vals  of  10  nm. 

3.  Results  and  discussion 

3.1  Spectra  analysis 

The  as-synthesized  AIN  is  orange  liquid  as  shown  in  the  insert  of 
Fig.  2.  The  absorption  peak  of  AIN  in  acetonitrile  appears  at  272  nm. 
This  result  indicates  that,  as  an  additive  for  the  electrolyte,  it  does 
not  affect  the  dye  molecule  to  absorb  the  visible  light. 

Fig.  3a  shows  the  FT-IR  spectrum  of  the  pure  AIN.  The  1728  cm-1 
peak  is  assigned  to  ester  carbonyl  group  stretching.  The  single  at 
1650  cm-1  is  due  to  the  C=C  stretching  band  of  the  allyl;  while 
the  peaks  at  1596  and  1408  cm-1  arise  from  the  C=C  stretching 
band  of  the  pyridine  moiety  of  AIN.  The  peaks  centered  at  1280  and 
1125  cm-1  correspond  to  the  C-0  bands  in  the  ester  group.  When 
the  Ti02  film  was  immersed  in  the  0.65  M  AIN  solution  in  acetoni¬ 
trile  (for  15  min  and  then  fully  rinsed  with  acetonitrile),  the  AIN  was 
adsorbed  on  it.  The  FT-IR  spectrum  of  this  AIN-loaded  Ti02  film  was 
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shown  in  Fig.  3b.  It  is  interesting  to  observe  that  the  peaks  arisen 
from  pyridine  moiety  are  shifted  from  1596  to  1615  cm-1  and  from 
1408  to  1421  cm-1 ,  respectively,  which  is  caused  by  the  interaction 
between  the  N  atoms  and  the  unsaturated  Ti  species  on  the  Ti02 
[20].  This  interaction  is  further  proved  by  the  fact  that  the  ester 
carbonyl  group  stretching  is  shifted  from  1728  to  1734  cm-1. 

3.2.  Cyclic  voltammetry  studies  of  the  photoanode 

Fig.  4a  shows  the  cyclic  voltammograms  of  the  N3  covered 
Ti02  films  in  0.1  M  tetrabutylammonium  perchlorate  acetonitrile 
solution  (1)  containing  0.65  M  AIN  and  (2)  without  AIN.  When 
an  increasing  negative  potential  is  applied,  a  gradual  onset  of  the 
cathodic  current  can  be  seen.  The  cathodic  current  in  this  CV  mea¬ 
surement  includes  the  capacitive  current  and  the  faradaic  current 
[21  ].  For  the  Ti02  film,  there  are  a  lot  of  surface  states  represented 
by  coordinatively  unsaturated  Ti  species.  The  capacitive  current  is 
caused  by  the  capture  of  the  injected  electrons  by  the  surface  states 
of  Ti02  film  [5];  while  the  faradaic  current  has  relation  to  the  elec¬ 
tron  transfer  at  the  interface  of  Ti02  and  the  electrolyte  [21  ].  When 
the  scan  rate  is  high,  the  cathodic  current  is  dominated  by  the 
capacitive  current  [21  ].  In  our  experiments,  the  scan  rate  is  selected 
to  be  0.8  Vs-1.  The  shapes  of  the  obtained  cyclic  voltammograms 
indicating  the  cathodic  current  were  dominated  by  capacitive  cur- 
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Fig.  4.  (a)  Cyclic  voltammograms  of  N3  dye-covered  Ti02  electrodes  in  tetrabutylammonium  perchlorate  acetonitrile  solution  containing  0.65  M  AIN  and  without  AIN.  The 
scan  rate  is  0.8Vs_1  and  the  active  area  of  the  Ti02  electrodes  is  0.5  cm2.  (b)  Energy  levels  at  the  interfaces  of  the  mesoscopic  Ti02  and  tetrabutylammonium  perchlorate 
acetonitrile  solution. 
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Fig.  5.  (a)  The  photocurrent-voltage  curves  of  cell  A  and  cell  B  measured  under  100  mW  cm-2  illumination  intensity.  The  power  as  a  function  of  voltage  for  the  two  cells  is 
depicted  in  the  inset,  (b)  The  photocurrent  action  spectra  of  cell  A  and  cell  B. 


rent  [5,21],  despite  the  existence  of  a  little  section  of  the  faradaic 
current.  The  coexistence  of  the  faradaic  current  is  a  common  phe¬ 
nomenon  in  the  characterization  of  surface  states  of  Ti02  by  CV 
method  [5,21,22].  However,  analysis  of  the  cathodic  current  can  still 
provide  sufficient  information  to  elucidate  the  passivation  effect  of 
additive  on  the  Ti02  surface  states  [5]. 

As  shown  in  Fig.  4a,  the  much  lower  cathodic  current  is  found 
with  the  presence  of  AIN  in  the  solution,  which  implies  that  the 
number  of  the  surface  states  is  decreased  due  to  the  adsorption 
of  AIN  on  the  Ti02  surface.  For  the  reverse  scans,  the  current 
approached  zero  at  the  more  positive  potentials,  indicating  that 
the  injected  negative  charge  is  recovered.  The  injected  charge  can 
be  expressed  by  [5]: 

dQ=h(V)dV  (1) 

where  Q.  is  the  injected  charge,  J(V)  is  the  current  density,  V  is  the 
potential  applied  on  the  electrode,  and  v  is  the  scanning  rate.  The 
integration  of  Eq.  (1 )  gives  the  number  of  surface  states  vs  the  elec¬ 
trode  potential  as  plotted  in  Fig.  4b.  The  Q  increases  much  more 
slowly  with  the  adsorption  of  AIN  than  that  of  without  AIN  under 
increasing  forward  bias  due  to  better  surface  passivation,  which  is 
beneficial  to  improve  the  photovoltaic  performance  of  DSCs. 

3.3.  Photovoltaic  performance 

Electrolyte  A  (without  AIN)  and  electrolyte  B  (with  0.65  M  AIN) 
were  employed  in  the  photovoltaic  performance  measurements. 
At  30  °C,  the  ionic  conductivity  of  electrolyte  A  and  electrolyte 
B  are  24.6  and  24.2  mS  cm-1,  respectively,  calculated  from  Fig.  1 
by  the  ionic  resistance.  This  result  indicated  that  the  presence  of 
AIN  in  the  electrolyte  almost  unchanged  the  ionic  conductivity. 
The  photocurrent-voltage  curves  for  the  cells  with  electrolyte  A 
(cell  A)  and  electrolyte  B  (cell  B)  measured  at  a  light  intensity  of 
100  mW  cm-2  are  presented  in  Fig.  5a  and  the  data  are  summarized 
in  Table  1 .  The  power  vs  voltage  characteristics  for  the  two  cells  are 
depicted  in  the  inset.  The  JSc,  Voc,  and  FF  of  cell  A  are  17.5  mAcnrr2, 
0.62  V,  and  0.60,  yielding  an  overall  p  of  6.5%.  The  corresponding 
parameters  C/sc,  Voc,  FF  and  p)  of  cell  B  with  AIN  as  additive  are 
18.2  mA cm-2,  0.69  V,  0.65,  and  8.2%.  Compared  with  that  of  elec¬ 
trolyte  A,  the  addition  of  AIN  enhances  the  p  by  26%  due  to  the 
increase  of  the  JSc,  Voc,  and  FF.  The  maximum  powers,  Pm ax,  of  cell 
A  and  cell  B  are  6.5  and  8.2  mW  cm-2,  respectively. 


Table  1 

Parameters  of  photovoltaic  performance  for  the  cell  A  and  cell  B  measured  under 
lOOmWcm-2  illumination  intensity. 


Fig.  5b  is  the  photocurrent  action  spectra  of  cell  A  and  cell  B,  in 
which  the  IPCE  is  plotted  as  a  function  of  the  excitation  wavelength. 
The  maximum  IPCE  of  85%  was  obtained  at  530  nm  for  the  both  cells. 
It  can  be  seen  that  the  presence  of  AIN  in  the  electrolyte  broadened 
the  photocurrent  action  spectrum,  resulting  in  the  higher  Jsc  of  cell 
B  as  shown  in  Fig.  5a.  The  broadened  photocurrent  action  spectrum 
is  mainly  caused  by  the  lower  back  reaction  rate  of  cell  B  at  the 
Ti02 /electrolyte  interface  between  the  injected  electrons  and  I3_ 
due  to  the  adsorption  of  AIN  on  the  surface  of  Ti02,  which  will  be 
discussed  in  the  following. 

3.4.  Electrochemical  impedance  spectroscopy  and  voltammetry 
studies  of  DSCs 

The  addition  of  AIN  can  enhance  the  performance  of  the  DSCs 
distinctly,  which  can  be  explained  in  more  detail  in  the  elec¬ 
trochemical  impedance  spectroscopy.  In  order  to  elucidate  the 
underlying  electrokinetic  process,  the  EIS  were  measured  by  vary¬ 
ing  the  applied  potential  at  equal  intervals  in  the  vicinity  of  Voc 
(-0.37  to  -0.72  V)  in  the  dark.  The  shape  of  the  impedance  spectra 
is  changed  depending  on  the  bias  voltage.  We  took  the  electrochem¬ 
ical  impedance  spectra  of  cell  A  and  cell  B  measured  at  moderate 
potential  of  -0.57  V  (Fig.  6)  just  as  an  example  to  illustrate  the 
relationship  between  the  arcs  of  the  EIS  and  the  electrokinetic 
parameters  of  the  DSCs.  The  fitting  results  of  EIS  measured  from 
-0.37  to  -0.72  V  were  depicted  in  Fig.  7.  In  Fig.  6,  the  larger  semi- 
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Fig.  6.  Electrochemical  impedance  spectra  of  cell  A  (red  squares)  and  cell  B  (green 
triangles)  measured  in  the  dark  at  -0.57  V.  The  lines  show  the  fitted  results.  Equiv¬ 
alent  circuit  used  for  the  curve  fitting  of  the  impedance  spectra  is  shown  in  the 
inset.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader 
is  referred  to  the  web  version  of  the  article.) 


882 


J.  Shi  et  al.  /  Journal  of  Power  Sources  193  (2009)  878-884 


E/v 


Fig.  7.  Fitting  results  of  (a)  capacitance,  (b)  charge-transfer  resistance,  and  (c)  elec¬ 
tron  lifetime,  cell  A  (red  squares),  cell  B  (green  triangles).  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of 
the  article.) 


circle  at  intermediate  frequencies  (~100-1  Hz)  is  mainly  attributed 
to  the  charge-transfer  at  the  Ti02 /electrolyte  interface  [23].  It  can 
be  seen  that  this  charge-transfer  resistance  of  cell  B  is  larger  than 
that  of  cell  A  due  to  the  presence  of  the  AIN. 

The  inset  of  Fig.  6  presents  the  equivalent  circuit  used  for 
the  curve  fitting  of  the  impedance  spectra  [24].  Good  agreement 
between  the  measured  and  the  fitted  data  is  achieved  in  all  cases. 
Rs  includes  the  ohmic  resistance  of  the  electrolyte,  the  FTO  sub¬ 
strate,  and  the  contact  wires.  The  electron  transport  resistance  in 
the  Ti02  can  be  described  by  Warburg  diffusion  impedance  Zw.  Rct 


Table  2 

The  fitting  results  of  EIS  parameters  for  the  DSCs  of  cell  A  and  cell  B  and  electro¬ 
chemical  cells  of  C,  D  and  E  measured  under  -0.57  V  in  the  dark. 


a  Cell  A  and  cell  B  are  DSCs  with  the  electrolyte  contained  0  M  (cell  A)  or  0.65  M 
(cell  B)  AIN;  while  cell  C,  cell  D  and  cell  E  are  electrochemical  cells  (without  adsorp¬ 
tion  of  N3  on  the  Ti02  film)  with  electrolyte  contained  0M  (cell  C),  0.3  M  (cell  D), 
and  0.65  M  (cell  E)  AIN.  The  active  area  of  the  cells  is  0.16  cm-2. 


is  the  charge-transfer  resistance  at  the  Ti02 /electrolyte  interface. 
CPE1  is  the  chemical  capacitance  produced  by  the  accumulation 
of  electrons  in  the  film.  The  impedance  of  the  CPE  is  given  by: 
ZCpe  =  B{  ia))~m ,  where  co  is  the  angular  frequency,  B  is  the  CPE  param¬ 
eter,  and  m  (0<m>l)  is  the  CPE  exponent  [19,25].  For  an  ideal 
capacitance  the  CPE  exponent  is  1  and  in  our  experiments  the  CPE 
exponent  is  about  0.95,  which  indicates  that  the  deviation  from  an 
ideal  capacitance  is  small  [25].  Thus,  the  constant  phase  element 
CPE1  can  be  replaced  by  a  capacitive  element  C^.  Rpt  is  the  charge- 
transfer  impedance  at  the  counter  electrode  and  CPE2  is  the  double 
layer  capacitance  (Cpt)  at  the  electro lyte/Pt-FTO  interface. 

The  parameters  from  the  fitting  procedure  of  Fig.  6  are  presented 
in  Table  2.  It  can  be  seen  the  presence  of  AIN  has  obvious  effect  on 
the  Rct  and  C^.  However,  the  parameters  of  Rs,  Rpt,  and  Cpt  are  not 
sensitive  to  the  addition  of  AIN  because  the  AIN  mainly  influences 
the  electron  transfer  process  occurred  at  the  interface  between  Ti02 
and  electrolyte  by  adsorption.  Thus,  we  emphasize  on  the  changes 
of  Rct  and  of  cell  A  and  cell  B  in  the  following. 

The  fitting  results  of  at  different  potentials  are  plotted  in 
Fig.  7a.  C| jl  follows  a  characteristic  exponential  rise  with  increasing 
forward  bias  given  by  [5]: 


=  Ca  exp 


~—aeV~ 


+  Q> 


(2) 


where  Ca  is  the  prefactor  of  the  exponential  increase,  e  is  the  ele¬ 
mentary  charge,  V  is  the  applied  potential,  /<B  is  the  Boltzmann 
constant,  T  is  the  temperature,  Cb  is  the  quasi-constant  capaci¬ 
tance  at  low  potentials,  and  a  is  a  coefficient  describing  either  the 
Boltzmann  occupancy  of  the  conduction  band  capacitance  (a  =  1 ) 
or  an  exponential  distribution  of  trap  states  {a  <  1 )  [5].  In  our  mea¬ 
surements,  a  is  calculated  to  be  0.19  for  cell  A  and  0.17  for  cell  B, 
respectively,  which  are  in  agreement  with  the  reported  0.17-0.24 
[5].  The  adsorption  of  pyridine  derivative  passivates  the  surface 
states  and  induces  a  negative  conduction  band  edge  movement. 
That  is  why  the  values  of  of  cell  B  are  lower  than  that  of  cell  A  as 
shown  in  Fig.  7a  [5],  and  this  tendency  is  consistent  with  the  cyclic 
voltammograms  results  above.  The  difference  of  the  potential  at  the 
same  value  of  can  indicate  the  shift  of  the  conduction  band  edge 
[23].  The  adsorption  of  AIN  leads  to  around  55  mV  negative  shift  of 
the  conduction  band  edge,  which  is  much  lower  than  that  of  TBP 
(160mV)  [13]. 

The  Rct  values  of  cell  A  and  cell  B  are  shown  in  Fig.  7b.  The 
adsorption  of  AIN  on  the  surface  of  Ti02  reduces  the  number 
of  recombination  centers  and  limits  the  charge  losses,  leading  to 
higher  Rc t  values  for  cell  B.  At  moderate  potentials,  Rc t  follows  the 
Buttler-Volmer  relationship  given  by  [23]: 


Rct  =  Ro  exp 


kBT 


(Ef-Et) 


(3) 


where  Ep  is  the  position  of  the  Fermi  level  of  electrons,  Er  is  the 
energy  of  the  redox  couple,  /8  is  the  transfer  coefficient,  and  Ro  is 
a  constant.  The  fi  of  cell  A  and  cell  B  are  calculated  to  be  0.43  and 
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Fig.  8.  The  linear  sweep  voltammograms  of  cell  A  and  cell  B  measured  in  the  dark. 
The  scan  rate  is  0.01  V  s_1 . 

0.48  respectively,  which  is  close  to  the  previously  reported  value  of 
>8  =  0.5  [26]. 

The  improvement  of  V0c  can  therefore  be  ascribed  to  a  com¬ 
bined  effect  of  the  negative  shift  of  conduction  band  edge  and  the 
limitation  of  charge  losses  due  to  that  the  V0c  is  determined  by  the 
difference  between  the  quasi-Fermi  level  of  Ti02  and  the  potential 
of  the  redox  couple  in  the  electrolyte.  The  negative  shift  of  the  con¬ 
duction  band  edge  and  the  limitation  of  the  charge  losses  augment 
the  quasi-Fermi  level  of  the  conduction  band  electrons  in  the  Ti02 
film  and  then  increase  the  V0c  of  cell  B. 

The  product  of  Rc t  and  corresponds  to  the  electron  lifetime, 
r  =  Rct  x  C^,  which  is  shown  in  Fig.  7c.  With  increasing  forward  bias, 
r  for  both  cells  decreases,  which  is  due  to  the  augmentation  of  the 
concentration  of  injected  electrons  in  the  film.  The  evident  charac¬ 
teristic  in  Fig.  7c  is  that  the  r  of  cell  B  is  much  larger  than  that  of  cell 
A,  which  is  one  of  the  reasons  why  the  photovoltaic  performance  of 
cell  B  is  superior  to  that  of  the  cell  A.  The  increase  in  r  is  associated 
with  a  pronounced  rise  in  the  charge-transfer  resistance. 

Another  distinct  effect  of  AIN  is  to  enhance  the  photocurrent. 
For  a  given  DSC,  the  photocurrent  is  determined  by  the  following 
two  processes:  (1 )  The  photoexcited  dye  molecules  inject  electrons 
into  the  conduction  band  of  the  Ti02.  (2)  The  injected  electrons  are 
extracted  from  the  nanocrystalline  to  the  outer  electrical  circuit  to 
form  the  photocurrent.  Too  much  negative  shift  of  the  conduction 
band  hampers  the  electron  injection  from  the  excited  sensitizer, 
that  is  why  the  adsorption  of  TBP  always  induces  a  drop  in  the  pho¬ 
tocurrent  [5,15].  However,  the  presence  of  AIN  enhances  the  Jsc  from 
17.5  to  18.2  mAcm-2.  The  increase  of  the  Jsc  indicates  that  the  elec¬ 
tron  injection  process  is  not  affected  by  the  slightly  negative  shift 
of  the  conduction  band  edge.  This  result  is  in  keeping  with  the  pre¬ 
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vious  report,  in  which  it  has  been  concluded  that  if  the  negative 
shift  of  the  conduction  band  edge  is  small  enough  (around  50  mV), 
the  electron  injection  is  not  hindered  [5].  The  adsorption  of  AIN 
leads  to  a  55  mV  shift  of  the  conduction  band  edge  and  does  not 
hamper  the  injection  of  the  electrons.  Thus,  the  process  (2),  i.e.  the 
charge  extraction  efficiency  of  the  injected  electrons,  is  decisive 
to  the  photocurrent  of  the  cell.  Suppression  the  recombination  is 
beneficial  to  increase  the  photocurrent.  The  relation  between  the 
photocurrent  yph)  and  the  surface  recombination  current  (Jr)  can  be 
expressed  as Jph  =  Jinj  -  Jr  [3],  and Jinj-  is  the  electron  injection  current 
resulting  from  dye  Jr  can  be  estimated  from  the  dark  current  [5,27]. 
Fig.  8  shows  the  dark  current  of  cell  A  and  cell  B  measured  in  the 
dark  with  a  scan  rate  of  0.01  V  s-1.  When  a  negative  potential  was 
applied,  the  I3_  was  reduced  to  I-  at  the  Ti02 /electrolyte  interface. 
As  far  as  the  operation  of  the  DSC  is  concerned,  this  process  cor¬ 
responds  to  the  recombination  of  the  injected  electrons  with  I3~. 
Fig.  8  clearly  shows  that  the  dark  current  of  cell  A  is  higher  than 
that  of  the  cell  B  in  the  negative  potential  range.  On  condition  that 
the  Jinj  is  equal  for  cell  A  and  cell  B,  the  lower  dark  current  of  cell 
B  results  in  the  higher  photocurrent,  which  is  in  keeping  with  the 
broadened  photocurrent  action  spectrum  shown  in  Fig.  5b. 

With  the  addition  of  AIN  in  the  electrolyte,  the  FF  is  increased 
from  0.60  to  0.65.  The  better  FF  has  relation  to  the  higher  transfer 
coefficient  of  electron  transfer  from  Ti02  to  the  electrolyte  [23]. 
For  cell  A,  the  /3  is  0.43  and  for  cell  B  the  /3  is  0.48.  The  higher  FF  of 
cell  B  compared  with  that  of  cell  A  is  partly  caused  by  the  relatively 
higher 

3.5.  Isolated  effect  of  AIN  on  the  shift  of  conduction  band  edge 

As  mentioned  above,  the  adsorption  of  AIN  on  the  dye-covered 
Ti02  film  caused  a  negative  shift  of  the  conduction  band  edge. 
However,  the  adsorption  of  ruthenium  complexes-based  dyes  can 
induce  a  positive  shift  of  the  conduction  band  edge  due  to  the  trans¬ 
fer  of  protons  of  the  dyes  to  the  surface  of  Ti02  [28,29].  In  order 
to  better  understand  the  isolated  effect  of  AIN  on  the  conduction 
band  edge  shift,  more  systematical  study  employing  electrochem¬ 
ical  cells  (without  dye  adsorbed  on  Ti02)  and  electrolytes  with 
different  concentration  of  AIN  (0.00  M,  0.30  M,  and  0.65  M)  was 
carried  out.  The  EIS  of  electrochemical  cell  C  (0.00  M  AIN),  cell  D 
(0.30  M  AIN),  and  cell  E  (0.65  M  AIN)  were  measured  by  varying  the 
applied  potential  at  equal  intervals  ranging  from  -0.47  to  -0.72  V 
in  the  dark. 

As  an  example,  the  impedance  spectra  of  electrochemical  cell 
C,  cell  D,  and  cell  E  measured  at  -0.57  V  were  shown  in  Fig.  9a. 
The  parameters  from  the  fitting  procedure  of  Fig.  9a  are  also  pre¬ 
sented  in  Table  2.  The  parameters  of  Rs,  ftpt,  and  Cpt  are  not  obviously 
changed  of  the  three  cells  for  the  same  reason  mentioned  above. 


Fig.  9.  (a)  Electrochemical  impedance  spectra  of  cell  C  (without  AIN,  red  squares),  cell  D  (0.3  M  AIN,  black  inverted  triangles),  and  cell  E  (0.65  M  AIN,  green  triangles)  measured 
in  the  dark  at  -0.57  V.  (b)  Fitting  results  of  capacitance  of  the  three  cells.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  the  article.) 
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It  can  be  seen  that  the  Rc t  was  increased  with  the  increase  of  AIN 
concentration,  which  is  reasonable  because  the  increase  of  AIN  con¬ 
centration  could  decrease  the  number  of  electron  transfer  centers 
from  Ti02  to  I3_.  In  the  following,  we  emphasize  on  the  changes  of 
the  of  the  three  cells  to  elucidate  the  isolated  effect  of  AIN  on 
the  conduction  band  edge  shift. 

The  fitting  results  of  of  the  three  cells  are  depicted  in  Fig.  9b. 
No  significant  difference  is  found  between  cell  C  and  cell  D,  indicat¬ 
ing  that  the  addition  of  0.3  M  AIN  has  slightly  effect  on  the  negative 
shift  of  the  conduction  band  edge.  This  phenomenon  is  probably 
because  of  the  weak  interaction  between  the  AIN  and  Ti02.  To 
induce  an  obvious  negative  shift  of  the  conduction  band  edge  of 
Ti02,  a  higher  concentration  of  AIN  is  necessary.  For  cell  E  with 
0.65  M  AIN  in  the  electrolyte,  the  values  are  decreased,  indicat¬ 
ing  an  80  mV  negative  shift  of  the  conduction  band  edge  compared 
with  that  of  cell  C  without  AIN. 

For  the  N3-coated  Ti02  film,  the  presence  of  0.65  M  AIN  caused 
a  55  mV  negative  shift  of  the  conduction  band  edge  (see  Fig.  7a), 
which  is  lower  than  that  of  80  mV  without  adsorption  of  dye.  In 
addition,  compared  cell  C  (without  N3  and  AIN)  with  cell  A  (with 
N3,  without  AIN),  it  can  be  found  that  the  adsorption  of  N3  leads  to 
a  200  mV  positive  shift  of  the  conduction  band  edge. 

The  effect  of  AIN  on  the  negative  shift  of  the  conduction  band 
edge  is  further  studied  by  theoretical  calculations.  The  preliminary 
results  also  display  that  the  conduction  band  edge  of  Ti02  is  nega¬ 
tively  shifted  after  adsorption  of  AIN.  More  detailed  calculation  is 
under  way. 

4.  Conclusions 

An  inexpensive  pyridine  derivative  AIN  was  synthesized  through 
a  simple  method  at  room  temperature.  Our  experiments  show  that 
the  addition  AIN  into  the  electrolyte  could  remarkably  enhance  the 
light-to-electricity  conversion  efficiency.  The  adsorption  of  AIN  on 
the  Ti02  induces  a  negative  shift  of  the  conduction  band  edge.  The 
moderate  shift  of  the  conduction  band  edge  of  Ti02  nanocrystals,  as 
well  as  the  inhibition  of  dark  current  from  Ti02  to  the  triiodide  in  the 
electrolyte  contributes  to  the  higher  energy  conversion  efficiency. 
This  work  should  be  useful  for  the  manufacturing  of  low-cost  and 
high-efficiency  DSCs. 
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